Phonon-induced Resistance Oscillations in Very-high Mobility 2D Electron Systems 
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We report on temperature dependence of acoustic phonon-induced resistance oscillations in very-high mobil- 
ity two-dimensional electron systems. We observe that the temperature dependence is non-monotonic and that 
higher order oscillations are best developed at progressively lower temperatures. Our analysis shows that, in 
contrast to Shubnikov-de Haas effect, phonon-induced resistance oscillations are sensitive to electron-electron 
interactions modifying the single particle lifetime. 
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When a two-dimensional electron system (2DES) is sub- 
ject to a weak perpendicular magnetic field B and low tem- 
perature T, the linear response resistivity exhibits well-known 
Shubnikov-de Haas oscillations (SdHO) |H. SdHO are con- 
trolled by the ratio of the Fermi energy, Ep, to the cyclotron 
energy, hu> c , and are periodic in 1/B. From the magnetic field 
and temperature dependences of the oscillation amplitude one 
can deduce quantum scattering time r 9 and the effective mass 
m* of the charge carrier. 

Over the past decade it was realized that other types of 
low-B resistance oscillations can be "induced" in 2DES by 
microwave [2] or dc [3] electric fields (or their combination 
J3l). These oscillations originate from inter-Landau level tran- 
sitions owing to microwave absorption and/or scattering off 
of disorder, respectively. Microwave-induced oscillations are 
governed by a>/a> c {a> = 2nf is the microwave frequency) 
and dc-induced oscillations are controlled by 2kfUa/a) c (£f is 
Fermi wave number, is the Hall drift velocity). As a re- 
sult, m* is available directly from the oscillation frequency. 
Microwave-induced oscillations have been extensively stud- 
ied both theoretically [5] and experimentally [6], in part, be- 
cause of their ability to evolve into zero-resistance states [7]. 
Recently, it was realized that dc fields can induce similar states 
with zero-differential resistance and theoretical propos- 
als have been put forward Jioll . 

Another class of oscillations in 2DES emerges at elevated 
temperatures when acoustic phonon modes with Fermi mo- 
mentum become populated 111 10 . These oscillations are called 
phonon-induced resistance oscillations (PIRO). Remarkably, 
even though phonons of many different energies are present, 
the main contribution comes from the most energetic phonons 
an electron can scatter off. This corresponds to a momentum 
transfer ^ 2k f, provided by an acoustic phonon. The momen- 
tum conservation then selects a frequency a> s = 2k fS from 
the phonon dispersion which is determined only by kf and the 
sound velocity s. The energy of this phonon is used by an 
electron to make indirect transitions between Landau levels 
and the resistance oscillates with e p h = 2kfs/to c . 

There exist several issues that warrant investigations of 
PIRO. First, experiments in GaAs-based structures reported 
a variety of sound velocities ranging from 3 km/s Iiu[l2ll to 
6 km/s J3,13]. Second, it is still unclear whether PIRO are 



caused by interface or bulk phonons flill . Finally, little is 
known about the contribution from different phonon modes 
and the temperature dependence. 

In this Letter we study PIRO in a very high mobility 2DES 
over a wide temperature range. In contrast to previous stud- 
ies, we find that PIRO persist down to temperatures < 2 K 
(well below Hu> s /kB - 8 K) and extend to much lower mag- 
netic fields exhibiting up to eight oscillations. Such remark- 
able quality allows us to study how PIRO evolve with temper- 
ature. We find that higher B oscillations fully develop at pro- 
gressively higher temperatures and that this "optimal" tem- 
perature roughly scales with Vs. This observation suggests 
that PIRO, unlike SdHO, decay at higher temperature due to 
electron-electron interactions modifying the quantum lifetime 
entering the square of the Dingle factor. 

Our Hall bar sample (width w — 100 ^m) was fabri- 
cated from a symmetrically doped GaAs/Alo.24Gao 76 As 300- 
A-wide quantum well grown by molecular-beam epitaxy. The 
impurity-limited mobility // lm and the density n e were ^ 1 .2 x 
10 7 cm 2 /Vs and 3.75 x 10 11 cm 4 , respectively. The exper- 
iment was performed at temperatures from 2 K to 7 K. Re- 
sistivity p was measured using standard low-frequency (a few 
Hz) lock-in technique in sweeping magnetic field. 

In Fig.Q](a) we present resistivity p(B) measured at T = 
3.5 K. At this temperature, SdHO are strongly suppressed, but 
PIRO [15] exhibit up to eight oscillations, as marked by inte- 
ger j. This confirms excellent quality of PIRO in our sam- 
ple since in previous studies even the third oscillation was 
barely resolved. We further find that PIRO persist down to 
B =: 500 G, about one order of magnitude lower than the 
onset of the SdHO. To extract the sound velocity of the rel- 
evant phonon mode we present in Fig.QJb) the PIRO order 
j as a function of 1/B. The data roughly fall onto a line 
j = (2kf)s/u> c oc 1/B and the fit reveals sound velocity 
s ^ 3. 4 km/s, corresponding to ha> s ^ 8 K. We note that this 
value is close to the velocity of the bulk transverse acoustic 
phonons, v[ - 3.35 km/s. 

We now turn to the temperature evolution of PIRO. In Fig. [2] 
we show p(B) at temperatures from 2 K to 6 K in 0.25 K in- 
crements. In previous studies employing lower-mobility sam- 
ples, PIRO were observed at relatively high temperatures, of 
the order of hco s (typically from 5 to 20 K), and SdHO were 




FIG. 1: [color online] (a) Magnetoresistivity p at T = 3.5 K showing 
up to eight PIRO peaks marked by integers, (b) PIRO order j vs. 1 /B 
[filled circles]. Linear fit yields s ^ 3.4km/s. Open circle marks the 
extra peak [cf. J, in Fig. 2], 



virtually absent. In contrast, our high mobility sample reveals 
coexisting PIRO and SdHO at lower temperature (cf., bottom 
trace at T — 2.0 K). With increasing temperature, SdHO uni- 
formly decay, as expected, while PIRO show more intriguing 
behavior; PIRO initially grow, then saturate, and eventually 
weaken. More importantly, the optimal temperature (i.e., at 
which a particular peak is best developed) depends on the or- 
der j. As we will show, lower order (higher magnetic field) 
peaks are best developed at progressively higher temperature 
than the higher order (lower magnetic field) peaks. 

In addition to the PIRO series shown in Fig.Q](a), higher 
temperature data reveal a distinct peak emerging near B =s 5.7 
kG (cf., J,). One possible scenario is that this peak originates 
from another, faster phonon mode which gets populated at 
higher temperatures. From e p h = 1 we estimate sound velocity 
of this mode as 4.8 km/s which compares favorably with the 
velocity of the bulk longitudinal acoustic phonons in GaAs. 
Another possible origin is a two-phonon process (or two con- 
secutive single-phonon processes), similar to that responsible 
for fractional microwave-induced oscillations. Assuming the 
value of the sound velocity extracted earlier, s - 3.4 km/s, and 
associating the peak with e p h 1 /2, we add the extra point to 
Fig-Hit)) [open circle] and observe reasonable agreement with 
the rest of the data. 

To further analyze our results we examine the temperature 
dependence of the electron mobility. In Fig.[3](a) we present 
l/fi = en e p(Q) as a function of temperature and observe sig- 
nificant increase. This behavior reflects the crossover to the 



2 




I I I I I I I I I I I I L 

1 2 3 4 5 6 
B [kG] 



FIG. 2: [color online] Magnetoresistivity p(B) at different tempera- 
tures, from 2.0 K (bottom trace) to 6.0 K (top trace), in 0.25 K incre- 
ments. Traces are not vertically offset. Integers at the bottom trace 
mark the order j of the PIRO peaks. 

Bloch-Griineisen regime occurring at kgT =s tiu> s lfl6Tl . As- 
suming Matthiessen's rule, the total mobility is l/fi(T) = 
l//j. im + 1//J ph (r), where 1///™ and 1/^ are impurity and 
acoustic-phonon contributions, respectively. At low tempera- 
ture, acoustic -phonon contribution is negligible and fi // m , 
as demonstrated in Fig.[3](a). Following the established pro- 
cedure for data reduction 11611 . we extract ju ph and /x im and 
present their temperature dependencies in Fig.[3](b) on a log- 
log scale. Here, // ph [full circles] was deduced from the total 
mobility [open circles] assuming fi lm = 1.17 x 10 7 cm 2 /Vs 
[dotted line]. For low temperatures, we observe // ph oc T 5 
[solid line], consistent with the earlier experiments in similar 
mobility 2DES [16]. At higher temperatures, the dependence 
slows down and at kgT > ha> s should approach /i ph oc l/T 
Intl . Fitting with the power law /j. ph oc T a over the experi- 
mentally relevant temperature range yields a 1.8 [dashed 
line]. 

We now extract the PIRO amplitude for the first three peaks, 
j = 1,2,3 and present the results in Fig|4](a) as a function of 
temperature. All three data sets exhibit non-monotonic behav- 
ior showing a maximum at the optimal temperature To, which 
increases with magnetic field. One of the factors contribut- 
ing to the decay of the PIRO amplitude at low temperatures 
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FIG. 3: [color online] (a) Inverse mobility 1//j vs. T. (b) Total mobil- 
ity ji (open circles), impurity mobility yu™ (dotted line) and acoustic- 
phonon mobility yu ph (filled circles) vs. T. 



FIG. 4: [color online] (a) PIRO amplitude at j = 1,2, and 3 vs. T. 
Curves are calculated using Eq.[T]for A = 4.1 and a = 1.8 ± 0.2. (b) 
Optimal temperature Tg vs. B. 



is the decreasing population of the 2k? phonons required for 
phonon absorption. At the same time, phonon emission is also 
suppressed at low temperatures as the electrons become more 
degenerate and less capable of emitting 2k F phonons. Thus 
both the emission and the absorption of phonons is suppressed 
by Fermi and Plank distributions, respectively. 

To explain the decay at higher temperatures, we recall 
that PIRO originate from inter-Landau level transitions and 
thus rely on both initial, v(e), and final, v(e + ttu) s ), densi- 
ties of states. In the regime of overlapped Landau levels, 
v(e) = vo[l - 26 cos(2ns/ftu> c )], where 6 = exp(-7r/a> c T q ) 
is the Dingle factor and vo = v(B = 0). The leading e p h- 
dependent contribution to the resistivity originates from the 
6 2 term generated by the product of the oscillatory parts of the 
corresponding densities of states. This term survives averag- 
ing over the Fermi distribution, ^cos 2 (27re/<y c )^ ^ 1/2, and 
therefore, unlike SdHO, PIRO are insensitive to the tempera- 
ture smearing of the Fermi surface. This fact is manifested in 
Fig. 2 by a much slower decay of PIRO with increasing tem- 
perature, as compared to SdHO. 

We further recall that in clean 2DES electron-electron inter- 
actions can significantly modify quantum scattering rate 1 /r q 
lil8Ul9ll . Taking the standard estimate for the electron-electron 
scattering rate lEoll . I/t^ 6 = AT 2 /Ef, where A ~ 1, we find 
that 1 /t? becomes comparable to impurity contribution 1/r™ 
at just a few Kelvin in our 2DES (we estimate r™ ^ 15 ps). 
In principle, one can also consider electron-phonon scattering. 
At temperatures of interest, electron-phonon scattering is not 
confined to small angles and therefore its contribution, l/r p h, 
can be estimated from yu ph . However, as shown in Fig. 3(b), 
1/fph S 1/ T ™ l/ r q an d thus electron-phonon contribution 
to the quantum scattering rate can be safely ignored. 

Assuming l/r q = 1/t™ + 1/t^ 6 , we write the temperature- 



dependent part of the PIRO amplitude: 

Ap(D (x r ph 1 (r)exp[-27r/ Wc r-(r)]. (1) 

Here, t~^(T) is responsible for the initial growth of PIRO 
and exp(-27r/w c T q e ) accounts for the decay at higher temper- 
atures. As a result, PIRO amplitude exhibits a maximum at 
some optimal temperature To which increases with the mag- 
netic field. This is exactly what we observe in Fig.|4ja). As- 
suming 1/Tph °c T a , we estimate the optimal temperature as 
k B T = (aE F ha)J47:A) 112 cc In Fig. 01b) we plot T 2 as a 
function of magnetic field and observe roughly linear depen- 
dence with the slope corresponding to A 4.1. This suggests 
that a t™ at T a 4.5 K. 

In summary, we have studied phonon-induced resistance 
oscillations in a very-high mobility 2DES. Owing to low dis- 
order in our samples oscillations persist down to very low 
temperatures (and very low magnetic fields) allowing for de- 
tailed studies of temperature dependence. We have found 
that the temperature dependence reveals a pronounced max- 
imum marking the optimal temperature at which a particu- 
lar oscillation is best developed. This optimal temperature 
increases with the magnetic field as Vb which we attribute 
to the electron-electron interaction effects modifying quan- 
tum scattering rate entering the Dingle factor. We note that 
such contribution from electron-electron interactions is not 
available from conventional magneto-transport, such as SdHO 

EH. 

We thank I. Dmitriev, M. Vavilov and B. Shklovskii for dis- 
cussions and W. Zhang for assistance with initial experiments. 
This work was supported by NSF Grant No. DMR-0548014. 



* Corresponding author: zudov@physics.umn.edu 



4 



[1] L. Shubnikov and W. de Haas, Leiden Commun. 207a, 3 
(1930). 

[2] M. A. Zudov, R. R. Du, J. A. Simmons, and J. L. Reno, Phys. 
Rev. B 64, 20131 1(R) (2001); P. D. Ye, et al, Appl. Phys. Lett. 
79, 2193 (2001). 

[3] C. L. Yang, J. Zhang, R. R. Du, J. A. Simmons and J. L. Reno, 
Phys. Rev. Lett. 89, 076801 (2002); A. A. Bykov, J. Zhang, S. 
Vitkalov, A. K. Kalagin and A. K. Bakarov, Phys. Rev. B 72, 
245307 (2005); W. Zhang, H.-S. Chiang, M. A. Zudov, L. N. 
Pfeiffer and K. W. West, ibid 75, 041304(R) (2007). 

[4] W. Zhang, M. A. Zudov, L. N. Pfeiffer, and K. W. West, Phys. 
Rev. Lett. 98, 106804 (2007); Physica E 40, 982 (2008); A. T. 
Hatke, H.-S. Chiang, M. A. Zudov, L. N. Pfeiffer, and K. W. 
West, Phys. Rev. B 77, 201304(R) (2008); Phys. Rev. Lett. 101, 
246811 (2008); X. L. Lei, Appl. Phys. Lett. 91 112104 (2007); 
X. L. Lei and S. Y. Liu, ibid 93 082101 (2008); M. Khodas and 
M. G. Vavilov, Phys. Rev. B 78, 245319 (2008). 

[5] V. I. Ryzhii, Sov. Phys. Solid State 11, 2078 (1970); V. I. 
Ryzhii, R. A. Suris, and B. S. Shchamkhalova, Sov. Phys. 20, 
1299 (1986); A. C. Durst, S. Sachdev, N. Read, and S. M. 
Girvin, Phys. Rev. Lett. 91, 086803 (2003); J. Shi and X. C. 
Xie, ibid 91, 086801 (2003); X. L. Lei and S. Y. Liu, ibid 
91, 226805 (2003); J. Inarrea and G. Platero, ibid 94, 016806 
(2005); I. A. Dmitriev, A. D. Mirlin, and D. G. Polyakov, ibid 
91, 226802 (2003); ibid 99, 206805 (2007); Phys. Rev. B 70, 
165305 (2004); ibid 75, 245320 (2007); I. A. Dmitriev, M. G. 
Vavilov, I. L. Aleiner, A. D. Mirlin, and D. G. Polyakov, ibid 
71, 115316 (2005); A. A. Koulakov and M. E. Raikh, ibid 68 
1 15324 (2003); M. G. Vavilov and I. L. Aleiner, ibid 69, 035303 
(2004) 

[6] S. I. Dorozhkin, JETP Lett. 77, 577 (2003); R. R. Du, M. A. 
Zudov, C. L. Yang, L. N. Pfeiffer and K. W. West, Physica E 
22, 7 (2004); J. H. Smet et al, Phys. Rev. Lett. 95, 116804 
(2005); M. A. Zudov, Phys. Rev. B 69, 041304(R) (2004); R. G. 
Mani, ibid 72, 075327(R) (2005); S. I. Dorozhkin, J. H. Smet, 
V. Umansky and K. von Klitzing, ibid 71 201306(R) (2005); S. 
A. Studenikin et al, ibid 71, 245313 (2005); ibid 76, 165321 
(2007); M. A. Zudov, R. R. Du, L. N. Pfeiffer and K. W. West, 
ibid73, 041303(R) (2006); C. L. Yang, R. R. Du, L. N. Pfeiffer 
and K.W West, ibid 74, 045315 (2006); A. T. Hatke, M. A. 
Zudov, L. N. Pfeiffer and K. W. West, Phys. Rev. Lett. 102, 
066804 (2009). 

[7] R. G. Mani et al, Nature 420, 646 (2002); M. A. Zudov, R. 
R. Du, L. N. Pfeiffer and K. W. West, Phys. Rev. Lett. 90, 
046807 (2003); ibid 96, 236804 (2006); C. L. Yang et al, ibid 



91, 096803 (2003); R. L. Willett and L. N. Pfeiffer and K. W. 
West, ibid 93, 026804 (2004); A. V. Andreev, I. L. Aleiner and 

A. J. Millis, ibid 91, 056803 (2003); A. Auerbach, I. Finkler, 

B. I. Halperin and A. Yacoby, ibid 94, 196801 (2005); A. A. 
Bykov, A. K. Bakarov, D. R. Islamov, and A. I. Toropov, JETP 
Lett. 84, 391 (2006). 

[8] A. A. Bykov, J.-Q. Zhang, S. Vitkalov, A. K. Kalagin, and A. K. 

Bakarov, Phys. Rev. Lett. 99, 1 16801 (2007). 
[9] W. Zhang, M. A. Zudov, L. N. Pfeiffer, and K. W. West, Phys. 
Rev. Lett. 100, 036805 (2008). 
[10] M. G. Vavilov, I. L. Aleiner, and L. I. Glazman, Phys. Rev. B 
76, 115331 (2007); A. Auerbach and G. V. Pai, ibid!6, 205318 
(2007); X. L. Lei, Appl. Phys. Lett. 90, 132119 (2007). 
[11] M. A. Zudov, I. V. Ponomarev, A. L. Efros, R. R. Du, J. A. 
Simmons, and J. L. Reno, Phys. Rev. Lett. 86, 3614 (2001); 

C. L. Yang, M. A. Zudov, J. Zhang, R. R. Du, J. A. Simmons, 
and J. L. Reno, Physica E 12, 443 (2002). 

[12] J. Zhang, S. K. Lyo, R. R. Du, J. A. Simmons, and J. L. Reno, 

Phys. Rev. Lett. 92, 156802 (2004). 
[13] A. A. Bykov, A. K. Kalagin, and A. K. Bakarov, JETP Lett. 81, 

523 (2005). 

[14] I. V. Ponomarev and A. L. Efros, Phys. Rev. B 63, 165305 
(2001); X. L. Lei, Phys. Rev. B 77, 205309 (2008). 

[15] Oscillation frequency was checked to scale with yTTJ (n e was 
tuned by persistent photoconductivity effect). 

[16] H. L. Stormer, L. N. Pfeiffer, K. W. Baldwin, and K. W. West, 
Phys. Rev. B 41, 1278 (1990); E. E. Mendez, P. J. Price, and 
M. Heiblum, Appl. Phys. Lett. 45, 294 (1984). 

[17] P. J. Price, Surf. Sci. 143, 145 (1984); P. J. Price, S. S. Comm. 
51, 607 (1984). 

[18] S. Q. Murphy, J. P. Eisenstein, L. N. Pfeiffer, and K. W. West, 
Phys. Rev. B 52, 14825 (1995); J. P. Eisenstein, D. Syphers, 
L. N. Pfeiffer, and K. W. West, S. S. Comm. 143, 365 (2007). 

[19] Y. Berk, A. Kamenev, A. Palevski, L. N. Pfeiffer, and K. W. 
West, Phys. Rev. B 51, 2604 (1995); M. Slutzky, O. Entin- 
Wohlman, Y. Berk, A. Palevski, and H. Shtrikman, ibid 53, 
4065 (1996); N. C. Mamani, G. M. Gusev, T. E. Lamas, A. K. 
Bakarov, and O. E. Raichev, ibid 11, 205327 (2008). 

[20] A. V. Chaplik, Sov. Phys. JETP 33, 997 (1971); G. F. Giuliani 
and J. J. Quinn, Phys. Rev. B 26, 4421 (1982). 

[21] G. W. Martin, D. L. Maslov, and M. Y. Reizer, Phys. Rev. B 68, 
241309(R) (2003); Y. Adamov, I. V. Gornyi, and A. D. Mirlin, 
ibid 73, 045426 (2006). 



